Through the use of high frequency acoustic microscopy, the acoustic properties of cells through various stages of interphase (G1/G2), mitosis (metaphase, M-phase) and early apoptosis were ascertained. The cell thickness, sound velocity, acoustic impedance, density, bulk modulus, and attenuation were determined through a quantitative analysis of the pulse echoes from the cell membrane and substrate using a 375 MHz transducer. Hoechst 33342, Annexin-V, propidium iodide and FITC-448 Anti-cyclin B1 and D1 mouse antibodies were used to identify cell cycle stage. ANOVA and Tukey post hoc statistical tests were used to quantify differences between cell stages. A total of 232 cells, 58 within each category, were measured. A statistically significant increase in thickness (9.4 to 11.4 µm), and decrease in attenuation (1.20 to 1.05 dB/cm/MHz) was observed between G1 and G2 cells, respectively. A statistically significant increase in thickness, and decrease in acoustic impedance, density, bulk modulus and attenuation was observed between M-phase and G1 or G2. Significant differences in nearly all properties were observed as the cells progressed to early stage apoptosis from a non-apoptotic state. The differences found indicate considerable structural and/or organizational alterations occurring as the cell progresses thorough these phases.
INTRODUCTION
The cell is an impressively complex and dynamic machine undergoing many biochemical processes throughout its life during which change to its morphology and ultra-structure occur. Among these are growth in the Gap 1 (G1) phase, duplication of DNA in Synthesis (S) phase, growth and preparation for division in the Gap 2 (G2) phase, alignment of chromosomes during the metaphase sub-phase of mitosis, and the various developments surrounding apoptosis.
The non-apoptotic cell processes of G1, S, G2, and M (mitosis) phases comprise the cell cycle, the living set of biochemical and morphological events amounting to the life of the cell. These distinct processes or sub-phases of the cell cycle are driven by the sequential activation of cyclin-dependent kinases (CDKs) by a group of proteins termed cyclins. 1 It has been well established that CDK4/cyclin D1 promotes the passage through the G1 phase whereas CDK1/cyclin B1 regulates the transition through late G2. 2 Therefore, it is possible to detect cyclins immunochemically in individual cells and relate their expression to cell cycle position. 3, 4, 5 In contrast to the previous processes involved in maintaining cell life, apoptosis is a process of cell death, occurring in a controlled manner so as to minimize disruption to surrounding tissues. 6 Deregulation of this process is associated with a large variety of diseases, including cancer 7 and as such, it is believed to be a core mechanism of action in chemotherapy treatment. 8, 9 Understanding how various cellular properties change during these processes is crucial in the diagnosis and monitoring of various cancer treatments and developing novel chemotherapeutic treatments. 10 A high-resolution non-invasive technique would assist in the measurement of these properties. Ultra-high frequency ultrasound (100 MHz and above) has previously been used to image tissue and individual cells 11 in studies involving measurements of cell thickness, speed of sound, and attenuation. Previous research combined time resolved and V(z) ultrasound methods to determine the cell thickness, sound velocity, acoustic impedance, density, bulk modulus and acoustic attenuation of individual living cells using a single measurement technique. 12 However, their research had primarily involved a comparison of said properties between termed "nonapoptotic" and "apoptotic" cells, both of which states contain several sub-states which may significantly influence results. It is the purpose of this study to map out these acoustic cellular properties within G1, G2, metaphase (mitosis phase), and early stage apoptosis in MCF-7 cancer cells.
THEORY
Acoustic microscopy can be used to image and quantitatively determine the ultrasonic properties of individual cells using a combination of time resolved and V(z) methods. The transducer is positioned directly above the cell to be measured, as shown in fig. 1 . (2) ) (
where c 0 is the sound velocity in the coupling fluid, Z s is the acoustic impedance of the substrate, Z 0 is the acoustic impedances of the coupling fluid, and α c is the attenuation in the coupling fluid through a distance 2d. The attenuation coefficient α 0 can be calculated using:
where a linear frequency dependence was assumed with n=1, similar to that of most tissue. 13 Details of how the ultrasonic properties were determined using these the papers can be found in references 11, 12.
MATERIALS AND METHODS

MCF-7 breast cancer cells were grown in 175 cm
2 cell culture flasks (Sarstedt, Newton, NC, USA) using Dulbecco's modified eagle's medium (ATCC, Manassas, VA, USA) with 10% fetal bovine serum and 1% PenicillinStreptomycin solution. Cells were incubated at 37ºC with 5% CO 2 and passed every 3 days to maintain exponential growth. Cells were released from their adherent state via trypsin and transferred to Lab-Tek II chambers (Nunc, Germany), where they are grown on for a period of 48 hours before appropriate treatment.
48 hours after transfer to Lab-Tek II chambers, the growth medium was refreshed with new medium containing the stage-arresting drug. Cells were put in G1 arrest by treatment with Lovastatin (20µM) for 33 hours, or into G2 arrest by treatment with RO-3306 (9 µM) for 24 hours. Prior to measurement, the bottom centre of the Lab-Tek II chambers were marked with an ink dot to serve as a reference origin to mark cell position and allow for later relocalization post fixation. Immediately following measurement, G1 arrested cells were fixed in 100% methanol (Sigma Aldrich) and stored at -20°C overnight. G2 arrested cells were fixed in 99% ethanol (Sigma Aldrich) and stored at -20°C overnight. Both sets were permeabilized with 5% Triton X100 in PBS for 10 minutes and administered their appropriate primary antibody. Fixed G1 cells were given a PBS solution containing 3% w/v BSA and 0.1% v/v primary mouse anti-cyclin D1 antibody (BD Pharmingen). Fixed G2 cells were given a PBS solution containing 3% w/v BSA and 0.1% v/v primary mouse anti-cyclin B1 antibody (BD Pharmingen). Both sets were stored at 4°C for 2 hours. Following washing of both sets, both were administered a PBS solution containing 3% w/v BSA, Hoescht DNA fluorescent stain (2 µM) and 0.5% v/v secondary Alexa-Fluor 488 goat anti-mouse antibody (Introvigen). They were stored with this mixture at 4°C for 24 hours. Following this fixation protocol, measured cells were relocated using the previous reference origin and the piezoelectric module's precise coordinate system. Immunohistochemistry was performed to reveal both cell shape and fluorescence appropriately identifying whether the measured cell was in the desired cell cycle sub-phase.
Preparation of metaphase cells for measurement required a different protocol. 48 hours after transfer to Lab-Tek II chambers, the growth medium was refreshed with new medium containing Hoescht DNA fluorescent stain (2 µM). During measurement under fluorescence, the morphology of chromosomes inside the cell was used to identify it as a metaphase cell. Cells with condensed, linearly packed DNA at the equator of cells were considered to be cells within metaphase.
A different set of reagents was implemented in preparation of apoptotic cells for measurement. Following 48 hours after transfer to Lab-Tek II chambers, the medium was replaced with DMEM without FBS or insulin and containing 3mg/ml caffeine and 20ng/ml paclitaxel to induce apoptosis.
14 Cells were incubated in this apoptosisinducing medium for 18-20 hours. Following this, Hoescht DNA fluorescent stain (2 µM), Annexin V (Biovision Apoptosis Kit) phosphatidylserine stain (0.6µg/mL), and propidium iodide (Biovision Apoptosis Kit) stain (6 µM) were added carefully to the apoptosis-inducing medium so as to not disturb apoptotic cells there were lightly unadhered. Cells staining positive for Annexin V and negative for propidium iodide were measured and classified as early apoptotic.
The SASAM 1000 acoustic microscope (Kibero GmbH, Saarbrücken, Germany) was used for all measurements. Combining an Olympus IX81 inverted microscope with a rotating acoustic module containing the transducer positioned above the optical objective, this setup allows for synchronous optical and acoustical measurement. Transducer movement was controlled using a piezoelectric system (Piezosystem Jena GmbH, Jena, Germany) capable of precision up to 0.1 μm in the x, y and z directions. For G1 and G2 studies, the piezoelectric system allowed for careful tracking of cell position relative to an arbitrarily positioned reference origin. The transducer was scanned over the sample using a raster pattern using step sizes of 1 μm, with 100 a-lines averaged at each point. The signal was amplified by a 40 dB amplifier and digitized at a rate of 8 GHz. 10 V pp pulses are generated using a pulse generator possessing a center frequency of 300 MHz with 100% bandwidth. The pulse repetition rate was 125 kHz. A transducer with a 375 MHz center frequency, 60° aperture angle and -6 dB bandwidth of 42% was used for all measurements.
Once a cell state was identified from staining (G1, G2, metaphase, or early apoptotic), V(z) measurements were made over the central region of the cell using the 375 MHz transducer. A step size of 1µm was used over a range of roughly ±40 µm around the glass substrate focus. The properties were then calculated used equations 1-7. A total of 232 cells were measured: 58 from each category. The equivalence of cell number was crucial for the single factor ANOVA statistical significance test and for the Tukey Post Hoc comparison tests following ANOVA. These were used to compare the thickness, sound velocity, acoustic impedance, density, bulk modulus, and early apoptosis phases. A p-value of 0.01 or less was considered statistically significant in the ANOVA test and an absolute q-value of 4.40 or more was considered statistically significant in the Tukey Post Hoc test, as seen in Table 2 .
RESULTS
The thickness, sound velocity, acoustic impedance, density, bulk modulus and attenuation between G1, G2, metaphase, and early stage apoptosis are shown in Table 1 . The averages and standard deviations for each property are given. The thickness increased from G1 (9.4±1.5 µm) to G2 (11.4±1.7 µm) as well as from G2 to metaphase (19.4±2.5 µm), which is expected due to the nature of the cells transforming into a spherical shape optimal for cellular division. There is also an increase in thickness from G1 and G2 to early apoptosis (14.0±2.1 µm), which is also expected due to the change in morphology.
The sound velocity was statistically similar between G1 (1565±20 m/s), G2 (1572±17 m/s), and metaphase (1563±13 m/s), and greater in early apoptotic cells (1588±18 m/s) relative to the other three.
The acoustic impedance was statistically similar between G1 (1.555±0.014 MRayls) and G2 (1.557±0.011 MRayls), as well as between metaphase (1.537±0.007 MRayls) and early apoptosis (1.542±0.010 MRayls). However a notable decrease was observed in the latter two's impedance relative to the former two.
The density was found to be statistically similar between G1 (993±18 kg/m 3 ) and G2 (991±14 kg/m 3 ) as well as between G2 and metaphase (983±10 kg/m 3 ). In contrast, there was a decrease in density for metaphase cells relative to G1 cells and an even further decrease in density for early apoptotic cells (971±13 kg/m 3 ). The bulk modulus was found to be statistically similar between G1 (2.43±0.03 GPa), G2 (2.45±0.03 GPa), and early apoptotic cells (2.45±0.03 GPa). However metaphase cells observed a significant decrease in the bulk modulus (2.40±0.02) relative to the other three groups.
Like thickness, the attenuation was a property that differed significantly between all groups. It decreased going from G1 (1.20±0.18 dB/cm/MHz) to G2 (1.05±0.18 dB/cm/MHz) to metaphase (0.87±0.18 dB/cm/MHz) as the cells progressed through the cell cycle to divide. Early apoptotic cells demonstrated a very significant increase in attenuation (2.16±0.40 dB/cm/MHz) relative to the other measured cell phases. 
DISCUSSION
Measurements of the thickness, sound velocity, acoustic impedance, density, bulk modulus and attenuation are shown in table 1. The increase in cell thickness is consistent with the conclusions of other studies observing cells losing surface area to volume ratio 15 , thereby leading to a rounder morphology. This, coupled with a loss of adhesion as they prepare for mitosis 16 , leads to the cell requiring an increase in height in order to maintain the round, preferable morphology. The significant increase in height by the time the cells are in G2 reflects the possibility that such physical changes as rounding up and losing some adherence may begin as early as the Gap 2 sub-phase of the cell cycle. However, this observation may also be attributed to the effect of cellular growth, with the cell's dimensions increasing in all directions, including height. The increase in cell thickness as a cell enters apoptosis is also consistent with optical observations examining the change from a flat adherent MCF-7 cell to a spherical-like appearance 12 as the cytoskeleton and various other structural elements are degraded and the loss of focal adhesion to substrate increases through the process of apoptosis. 17, 18 
